A maximum global-mean warming of 2˚C above preindustrial temperatures has been adopted by the United Nations Framework Convention on Climate Change to "prevent dangerous anthropogenic interference with the climate system". Attempts to find agreements on emissions reductions have proved highly intractable because industrialized countries are responsible for most of the historical emissions, while developing countries will produce most of the future emissions. Here we present a Fair Plan for reducing global greenhouse-gas emissions. Under the Plan, all countries begin mitigation in 2015 and reduce greenhouse-gas emissions to zero in 2065. Developing countries are required to follow a mitigation trajectory that is less aggressive in the early years of the Plan than the mitigation trajectory for developed countries. The trajectories are chosen such that the cumulative emissions of the Kyoto Protocol's Annex B (developed) and non-Annex B (developing) countries are equal. Under this Fair Plan the global-mean warming above preindustrial temperatures is held below 2˚C.
Introduction
The United Nations Framework Convention on Climate Change (UNFCCC) was adopted in Rio de Janeiro, Brazil, on 9 May 1992 and entered into force on 21 March 1994 . "The ultimate objective of" the UNFCCC is "stabilization of greenhouse gases at a level that would prevent dangerous anthropogenic interference with the climate system" [1] . On 23 March 2005 The European Council confirmed that, "with the view to achieving the ultimate objective of the UNFCCC, the global annual mean surface temperature increase should not exceed 2˚C above pre-industrial levels" [2] . The Kyoto Protocol (KP) was adopted in Kyoto, Japan, on 11 December 1997, entered into force on 16 February 2005, and will expire in 2012 [3] . The KP was "to ensure that" the "aggregate anthropogenic carbon dioxide equivalent emissions" of 37 developed countries, the so-called Annex B countries, "do not exceed their assigned amounts," "with a view of reducing their overall emissions of such gases by at least 5 percent below 1990 levels in the commitment period 2008 to 2012" [3] . On 29 March 2001 the United States withdrew from the KP in large part because "many countries of the world are completely exempted from the Protocol, such as China and India, who are two of the top five emitters of greenhouse gasses in the world" [4] . On 11 December 2010 in Cancun, Mexico, the sixteenth Conference of the Parties of UNFCCC (COP16) "further recognizes that deep cuts in global greenhouse gas emissions are required according to science," "to hold the increase in global average temperature below 2˚C above pre-industrial levels", "and that Parties should take urgent action to meet this long-term goal" [5] . In this article we present a Fair Plan to accomplish this goal.
Methods
We adopt the Representative Concentration Pathway 8.5 (RCP-8.5) greenhouse gas (GHG) emission scenario [6] as our Reference case, which is the way the world would emit GHGs if either there were no consequent climate change or we were completely ignorant thereof. The RCP-8.5 was developed at the International Institute for Applied Systems Analysis near Vienna, Austria, to be one of four emission scenarios developed for the fifth assessment report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) [7] . RCP-8.5 is the highest of these scenarios and leads to a radiative forcing-the change in the net incoming radiation at the top of Earth's atmosphere-of about 8.5 W·m -2 in 2100, and a final value of over 12 W·m -2 in the 23 rd century. The emission of CO 2 under RCP-8.5 is shown in Figure 1(a) , together with its extension from 2100 to 2500 (ECP-8.5). Figure  1(b) shows the resulting CO 2 concentration which levels off at 1962 ppmv in the RCP-8.5 scenario to yield the 12 ·m -2 radiative forcing. The CO 2 concentration simu-W lated by our carbon-cycle model [8] peaks at 1928 ppmv and then decreases due to natural carbon sinks to remain above 6 times the pre-industrial value out to year 3000. Similarly, the equivalent CO 2 simulated by our model peaks at 2674 ppmv before declining slightly, but staying above 2400 ppmv. The concentrations of 30 other longlived GHGs are also calculated from their RCP-8.5 emissions by our chemistry model [8] .
The CO 2 emissions are based on the RCP historical and 8.5 future scenario. For the emissions from the beginning of the record until 2000, we divide the RCP historical emissions into Annex B and non-Annex B portions using the CDIAC country-specific fossil-fuel emissions database [9] . Since this database contains information only on emissions related to fossil-fuel use and cement production, and we do not have an analogous historical record to divide emissions related to land use into Annex B and non-Annex B countries, we have chosen not to include the historical emissions related to land use changes in our emissions total.
For the emissions beginning in 2000, we use the RCP-8.5 emissions for both fossil fuel and land use. To insure a more continuous emissions record we turn the land-use forcing on over 10 years; including the full value of landuse forcing in 2000 results in a particularly discontinuous emissions record for non-Annex B. The RCP future scenarios are divided into geographic groups other than Annex B and non-Annex B. However, using the most recent year of data in the CDIAC database, we are able to determine that 99.06% of fossil-fuel CO 2 emissions from the RCP's "OECD90" group came from Annex B countries, and 80.60% of fossil-fuel CO 2 emissions from the RCP's "REF" group came from Annex B countries. Therefore, we compute the Annex B emissions from the RCP-8.5 scenario as 99.06% of the OECD90 emissions plus 80.60% of the REF emissions. While these percentages were obtained from fossil-fuel CO 2 emissions, we apply them to the emissions of all long-lived GHG (LL-GHG) species.
The additional species of LLGHGs contained in the RCP-8.5 emissions scenario are: CH 4 , N 2 O, CF 4 , C 2 F 6 , C 6 F 14 , HFC23, HFC32, HFC43-10, HFC125, HFC134a, HFC143a, HFC227ea, HFC245fa, SF 6 , CFC-11, CFC-12, CFC-113, CFC-114, CFC-115, CCl 4 , Methyl Chloroform, HCFC-22, HCFC-141B, HCFC-142B, Halon1211, Halon1202, Halon1301, Halon2402, CH 3 Br and CH 3 Cl.
For the emissions record beyond 2100, we use the ECP-8.5 emissions. Since the ECP-8.5 emissions are global totals with no geographic breakdown, we assumed the geographic partitions as percentages of world totals in years 2101 and after are equal to the partitions in year 2100.
The ECP-8.5 emissions record ends in 2500. For 2501-3000, we assume constant emissions of each species for our reference case.
Based on a comparison of the emissions due to trade balance versus production [10] , we multiply the emissions of Annex B countries by 1.12 in years 2008 and after, and the emissions of non-Annex B countries by 0.90 for the same years. To insure a more continuous emissions record, we phase these adjustments in over 10 years, starting in 1999.
We use the CICERO chemistry model [8] to convert the emissions input of LLGHGs to concentrations. We make several minor changes to the values of some coefficients to improve agreement with the RCP-8.5 concentrations, or to insure that in the mitigated case concentrations of LLGHGs other than carbon dioxide return to their pre-industrial values. Specifically, for carbon dioxide we change the fertilization factor from its default value of 0.287 to 0.077. We also change the timescale coefficient used in calculating the air-sea exchange from 9.06 years to 3.06 years. These changes allow us to better match the RCP-8.5 concentration peak (using the default values, our simulated carbon dioxide values ended up peaking a few hundred ppmv below the RCP-8.5 values, even when RCP-8.5 emissions were input exactly). However, for historical emissions, the calculated concentrations run about 22 ppmv too high as compared to observed. Therefore, we use historical concentrations prior to present, and calculated concentrations adjusted downward by about 22 ppmv for the future.
For methane we retain the same values for all the extinction coefficients, but we do not use the hydroxylradical feedback. We also use a value of 235.1 Tg/yr of natural methane emissions. For nitrous oxide we use an e-folding decay timescale of 86 years, and natural emissions of 15.2 Tg/yr. These changes better match our RCP trajectories in comparison with the concentration trajectories produced using the CICERO default values, while returning to the pre-industrial concentrations in the mitigated scenarios. For the other species we use the default parameters in the CICERO model. The concentrations are converted to forcings by the CICERO model [11] .
For the emissions of sulfate, black-carbon and organiccarbon aerosols, we use the data from the RCP historical and 8.5 emissions scenario. For the scenario data, we partition the data into Annex B and non-Annex B regions by the same formula as used for the long-lived greenhouse gases. We also apply the trade adjustment to future emissions as described above.
The Simple Climate Model (SCM) that we use also requires the fractional split of each aerosol species between Northern and Southern Hemispheres. We calculate future Northern Hemisphere and Southern Hemisphere emissions based on the gridded data available from RCP. We use the CDIAC emissions for CO 2 data as a proxy to determine the amount of aerosol emissions for Annex B countries in each hemisphere. For historical data, we use the fractional splits between hemispheres from [12] for sulfate aerosols, and [13] [14] [15] for black carbon and organic carbon.
We use the RCP historical and 8.5 scenario forcing record for tropospheric ozone. We partition the forcing between the hemispheres using the same percentages as for sulfate aerosols.
The historical solar record is based on the reconstructions of [16, 17] . For future solar forcing, we assume there is no overall trend, and fit a sinusoidal curve to the last three sunspot cycles. We then extrapolate the solar record based on this fit.
We use a volcanic radiative forcing record [18] , except we weight the radiative forcing by 0.6. This was done because using full-strength forcing causes unrealistically high negative temperature excursions in the years following volcanic eruptions, but using no volcanic forcing at all degraded agreement between simulated and observed ocean heat uptake. Post-2000 volcanic forcing is assumed to be zero.
Results
We calculate the change in global-average near-surface air temperature resulting from the emissions of long-lived GHGs and aerosols, as well as tropospheric ozone, landuse changes, historic volcanic eruptions and solar-irradiance variations, using our Simple Climate Model (SCM) [19] . The SCM was developed by Schlesinger in 1984, based on the model's original formulation [20] , and was used by Schlesinger and colleagues to simulate the globalmean temperature evolution for the different GHG scenarios of the IPCC 1990 report [21] , for climate-impact studies [22] [23] [24] [25] , and greenhouse-policy studies [26] [27] [28] [29] [30] . A CD-based version of the SCM-the COuntry Specific Model for Intertemporal Climate (COSMIC) and its successor COSMIC2-has been distributed since 1997 to 130 requestors from 50 countries.
In a separate study we observationally estimated three SCM parameters [31] : 1) the equilibrium climate sensitivity, ∆T 2x -the change in global-mean, equilibrium nearsurface temperature for a radiative forcing equivalent to a doubling of the pre-industrial CO 2 concentration; 2) the total aerosol radiative forcing in reference year 2000, and 3) the ocean thermal diffusivity. These parameters were estimated for each of the three observational temperature datasets that begin in 1850: HADCRUT3 [32] , and 1880: GISTEMP [33] and NCDC/NOAA [34] . The estimated climate sensitivity-1.45˚C, 1.61˚C and 1.98˚C for GISS, HADCRU and NOAA, respectively-is on the low side of the range given by the IPCC AR4 [35] . The resulting temperature changes from 1765 are presented in Figure  1(c) . It is seen that the temperature change reaches the 2˚C threshold in 2050-2060, and thereafter rises to 4.4˚C, 4.9˚C and 5.8˚C for the parameter values based on the GISS, HADCRU and NOAA temperature datasets, respectively.
In our Fair Plan the GHG intensity-the amount of GHG emitted per unit of economic activity, relative to the Reference case-reduces from unity in 2015 to zero in 2065. This 50-year phase-out period for fossil-fuel emission mirrors the phase-out period proposed by the European Union [36] . As shown in Figure 2(a) , the GHG intensity for Annex B countries decreases linearly, while that for the non-Annex B countries initially decreases more slowly than linearly and decreases more rapidly finally. We have chosen a cubic function of time for the latter such that, as shown in Figure 2(b) , the total tradeadjusted CO 2 emissions of the non-Annex B countries equals the total trade-adjusted CO 2 emissions of the Annex B countries, 454.7 Pg of carbon (1667 Pg of CO 2 ). Our accounting of global CO 2 emissions includes an adjustment for international trade, since part of the increase in emissions in non-Annex B countries is due to production of goods that are consumed in Annex B countries. The CO 2 emissions of the Annex B countries begin to decrease immediately, in 2016, but the CO 2 emissions of the non-Annex B countries increase to 2042 before they too begin to decrease toward zero in 2065.
The resulting CO 2 concentration, shown in Figure 2 (c), peaks in 2060 at 529 ppmv, a value less than twice the pre-industrial concentration, and thereafter decreases to 362 ppmv in year 3000. The equivalent CO 2 concentration-the amount of CO 2 required to give the same radiative forcing as all the GHGs, including CO 2 -peaks at 626 ppmv in 2055 and declines to 363 ppmv in year 3000. Since the gases other than CO 2 have virtually returned to 
Discussion
Our Fair Plan reduces the emission of CO 2 and the other GHGs to zero over the 50-year time period 2015 to 2065, equalizes the total emission of CO 2 by the non-Annex B countries and the Annex B countries, keeps the maximum CO 2 concentration below twice the pre-industrial value, and prevents the change in global-average nearsurface temperature from exceeding the 2˚C maximum warming threshold stipulated by the UNFCCC to "prevent dangerous human intervention in the climate system". Although the total, trade-adjusted emissions of CO 2 by the Annex B countries and non-Annex B countries are equal under our Fair Plan, the per capita total emissions of the Annex B countries will be higher, since most of the world's population lives in the non-Annex B countries. Given that non-Annex B countries may protest that their per-capita total emissions will be lower than the Annex B countries, we attempt to produce an emissions trajectory that equates Annex B and non-Annex B emissions on a per-capita basis rather than on a total emissions basis. This trajectory fails to meet the 2˚C maximum warming target.
In order to produce per-capita emissions estimates for the two groups, we use the RCP-8.5 emissions data as discussed above (including the trade adjustment). For historical population data previous to 1950 we use data from [37] and for population post-1950 and future population projections we use data from [38] , employing the medium variant for the future projections. Since the country-specific numbers run only through 2100, we assumed the population of the world post-2100 is constant.
We show the cumulative per-capita emissions of the Annex B countries for our Fair Plan trajectory in Figure  3(a) . We also compute the cumulative per-capita emissions for the non-Annex B countries using the RCP-8.5 emissions with no mitigation. The cumulative per-capita emissions for the non-Annex B countries are smaller than those for the Annex B countries out to the end of the ECP scenario in 2500, even when no mitigation is applied to the non-Annex B countries. Note that the RCP-8.5/ECP-8.5 scenario contains a decline in CO 2 emissions between 2150 and 2250; this decline is not applied by us. Assuming the medium scenario of population growth by [38] , the cumulative per-capita emissions of the non-Annex B countries will remain smaller than our Fair Plan total for the Annex B countries if the non-Annex B emissions follow the RCP-8.5/ECP-8.5 curve.
Consequently, we run a scenario in our SCM whereby the Annex B countries follow our Fair Plan trajectory, but the non-Annex B countries follow the RCP-8.5/ECP-8.5 trajectory with no mitigation. As shown in Figure  3(b) , the 2˚C target is greatly exceeded, with maximum warming values of 3.4˚C -4.5˚C obtained, depending on the climate sensitivity chosen.
While our Fair Plan does allow for greater per-capita emissions from the Annex B countries than the non-Annex B countries, the 2˚C target cannot be achieved for emissions trajectories that seek equality on a cumulative per-capita emissions basis, since the non-Annex B countries are not required to mitigate their emissions at all. The non-participation of non-Annex B countries will be politically unacceptable to many members of the Annex B group [4] and fails to stop the global warming from exceeding the 2˚C threshold. Our Fair Plan, in contrast, requires participation from all countries but allows a slower initial mitigation trajectory for the non-Annex B countries, and meets the goal of limiting the global-mean temperature rise to below 2˚C. We believe our Fair Plan does the best job possible of addressing the concerns of both Annex B and non-Annex B nations while still meeting the 2˚C climate goal.
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